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It is shown that high-quality light-induced FTIR-difference spectra can be obtained from reaction center crystals of Rho- 
dopsendomonas viridis. Difference spectra between the ground state, PQ, and a light-activated state, P+Q-, have been 
recorded. The difference spectra are in good agreement with those reported previously for reaction centers reconstituted 
into lipid vesicles [(1985) FEB.8 Lett. 187,227-2321. This good correspondence indicates that in both sample preparations 
the same intramolecular processes take place during this transition. In addition to measurements of absorbance changes 
in the visible spectral region, which indicate reactions of the chromophores and their microenvironments, those in the 
infrared spectral region also show that the protein side groups and backbone undergo the same light-induced changes 
in the crystals. It is observed that, besides the porphyrin ring system, the C, = 0 keto and ester groups of, most likely, 
the primary donor, undergo light-induced changes in charge distribution during oxidation of the primary donor. Large 
conformational changes of the protein backbone can be excluded for the observed transition. 
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1. INTRODUCTION 
Photosynthetic reaction centers catalyze light- 
induced electron transfer across photosynthetic 
membranes [ 11. The reaction center from 
Rhodopseudomonas viridis has been successfully 
crystallized [2] and its structure determined to 3 A 
resolution [3,4]. The primary electron donor 
(special pair, P) which absorbs at 960 nm consists 
of two closely associated bacteriochlorophyll b 
molecules (B&P, BCLP). Two additional 
bacteriochlorophylls b and two bacteriopheophy- 
tins b are arranged symmetrically in the protein 
complex resulting in two branches of pigments 
which are more closely associated with either the L 
or M protein subunit. The electrons are conducted 
mainly through the L branch via bacteriopheophy- 
tin to a quinone (Q) [5]. 
From X-ray data the structure of the protein 
ground state has been very well characterized. In 
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order to gain more insights into the intramolecular 
dynamics of the chromophore-protein complex, its 
function has been investigated using a non-invasive 
technique which displays reactions of single 
groups. Resonance Raman spectroscopy has pro- 
vided information on the chromophores and their 
local environments [6]. However, this technique is 
restricted to vibrations of conjugated parts of the 
chromophores. In contrast, infrared spectroscopy 
is able to monitor all groups of the protein. In 
order to select the absorbance bands of the groups 
which show light-induced changes, difference spec- 
tra between different active states of the protein 
must be measured. To record absorbance changes 
of the order of 10m3 beyond the large background 
absorbance of the whole crystal, it is necessary to 
use Fourier transform infrared spectroscopy 
(FTIR). This approach has been successfully ap- 
plied to rhodopsin [7,8] and bacteriorhodopsin us- 
ing static [9-l l] and time-resolved [12,13] FTIR 
techniques. The results of these experiments have 
provided insights into the light energy transduction 
mechanism of bacteriorhodopsin [9,14]. 
FTIR difference spectra of reaction center 
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crystals from Rps. viridis were taken using an 
FTIR spectrophotometer equipped with an IR 
microscope. Crystals were grown directly on CaFz 
windows. Difference spectra in the visible and in- 
frared spectral regions were taken between the 
ground state PQ and a charge-separated state cor- 
responding to P+Q-, which is stabilized by steady- 
state illumination with actinic light >780 nm. 
2. MATERIALS AND METHODS 
Reaction centers from Rps. viridis were isolated and purified 
as described [2]. Fractions with an absorbance ratio 
(280 nm/830 nm) of 2.0-2.1 were pooled and crystallized as in 
[2] with the following alterations: triethylammonium phosphate 
was omitted and reaction center solutions containing 1.5 M am- 
monium sulfate were equilibrated with 1.9-2.1 M ammonium 
sulfate solutions by vapor diffusion. 
Reaction centers were crystallized between CaF2. windows 
separated by a 6.5 pm teflon spacer for infrared spectroscopy; 
the crystals typically had dimensions 1.0 mm x 0.5 mm x 
6.5 pm. The crystals were analyzed for photochemical activity 
with a Zeiss UMSP 80 microspectrophotometer using actinic il- 
lumination of 900-1000 nm. Infrared spectra were taken on a 
Bruker IFS 88 instrument equipped with an infrared microscope 
with mercury cadmium telluride detector. The home-built sam- 
ple holder for the two CaFz windows between which the crystals 
were grown was thermostabilized at 300 K. In order to monitor 
the baseline quality two different absorbance spectra (124 scans 
each) were recorded with a spectral resolution of 2 cm-’ in the 
dark and subtracted from each other. Only spectra showing 
high baseline quality were added. The same procedures were 
repeated during steady-state illumination. The difference was 
taken between absorbance spectra recorded in the dark and dur- 
ing steady-state illumination with actinic light > 780 nm. In the 
difference spectrum shown (fig.3) five difference spectra taken 
from one crystal were added. Different crystals yielded the same 
difference spectra. 
3. RESULTS 
The optical absorbance spectrum of a typical 
Rps. viridis reaction center (thin) crystal is 
presented in fig. 1 and the absorbance changes due 
to illumination of the same crystal with actinic 
light between 900 and 1000 nm are shown in fig.2. 
Both spectra agree well with published data for 
reaction center crystals [ 16,171. 
The absorbance spectrum in the UV, visible and 
near-IR regions of reaction center crystals (fig. 1) is 
characterized by a band at 960 nm arising from the 
bacteriochlorophyll b ‘special pair’ (not shown), 
and another 830 nm resulting from the QY transi- 
tion of the two bacteriochlorophyll b monomers; 
these two molecules also contribute a QX absor- 
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Fig.1. Optical absorbance spectrum of a single thin crystal of 
reaction centers from Rps. viridis taken on a 
microspectrophotometer. 
bance at 610 nm and a Soret band at 375 nm. The 
two bacteriopheophytins b have QY transitions at 
790 and 810 nm, as well as a QX transition at 
530 nm. The two high- and two low-potential 
cytochromes absorb around 555 nm (a-band) and 
contribute a composite Soret band with a max- 
imum at 415 nm. 
During steady-state illumination the primary 
donor is oxidized (P’), as indicated by complete 
bleaching of the 960 nm absorbance band (not 
shown) as well as bleaching of the QX absorbance 
at 610 nm, where a negative band is present in the 
difference spectrum (fig.2). The band pattern with 
negative bands at 412 and 385 nm and a positive 
band at 450 nm indicates that a P+Q- state is 
stabilized [15]. The Stark shift of the accessory 
monomers to higher energies appears to be respon- 
sible for the negative lobe at about 850 nm and the 
positive lobe at about 810 nm of the largest dif- 
ference band [17]. 
In fig.3 the same difference spectrum in the in- 
frared spectral region is shown. The negative 
bands correspond to the state PQ and the positive 
bands to P+Q-. The crystals contain only about 
30% protein and about 70% water, detergent and 
crystallization buffer [2]. Therefore, large 
background absorbance of Hz0 at 1640 cm-’ (OH 
bending vibration) and of ammonium sulfate and 
phosphate buffer between 1050 and 1150 cm-’ 
(PO:-, SO$) increases noise in the regions at 
about 1640 and 1050-l 150 cm-‘, compared to 
other parts of the difference spectrum. Excluding 
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Fig.2. Difference spectrum of the same crystal as in fig.l 
between PQ and P+Q-. 
this frequency range, highly reproducible band 
patterns in the difference spectra could be 
measured. 
The difference spectrum is dominated by 
positive bands of the P+Q- state. The greater 
polarity in the P+Q- state seems to lead to larger 
changes in dipole moment of the molecular groups 
involved, thereby increasing their infrared absor- 
bance. The measured difference spectrum is in 
good agreement with that reported for reaction 
centers of Rps. viridis reconstituted into lipid 
vesicles taken under similar conditions [18]. The 
somewhat increased noise in the difference spec- 
trum of the crystals compared to the spectra in [18] 
is due to the better spectral resolution used in the 
spectra of the crystals (2 vs 4 cm-1). Not only the 
larger absorbance bands at 1754, 1744, 1715, 1548, 
1477, 1305 and 1193 cm -1 but also the smaller ones 
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Fig.3. FTIR difference spectrum between PQ and P+Q- of a 
reaction center crystal from Rps. viridis at 2 cm -I spectral 
resolution. 
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Fig.4. Bacteriochlorophyll b. 
are in good agreement. The band pattern observed, 
e.g. between 1403 and 1193 cm -1, shows surpris- 
ingly good agreement at 1403, 1344, 1305, 1242, 
1234 and 1193 cm-L 
4. DISCUSSION 
In the following, the assignments of absorbance 
bands to molecular groups of the chromophore- 
protein complex will be discussed in comparison 
with the results obtained from resonance Raman 
experiments [6] and infrared spectra of model 
compounds [19,20]. Complete proof of the 
assignments requires isotopically labelled samples. 
In such cases, the absorbance bands of the labelled 
groups are shifted [14]. In this first approach such 
labelling has not yet been used. 
In fig.3 a difference band with a negative peak 
at 1744 cm -1 and a positive peak at 1754 cm -1 is 
observed. Resonance Raman spectra of 
chlorophylls and reaction centers do not show such 
high-frequency bands [6]. Therefore, the band 
cannot belong to a group of the conjugated part of 
the chromophores (rigA). Infrared spectra of 
bacteriochlorophyll recorded in n-butylcyclohex- 
ane show a band at 1739 cm -1 which was assigned 
to an ester carbonyl band [20]. Difference spectra 
between bchl a and bchl a + taken in an aprotic sol- 
vent also demonstrate a difference band shifting 
from 1737 to 1749 cm -1 which was assigned to an 
ester group [19]. Based on the agreement in band 
30S 
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positions, the difference band in fig.3 is assigned 
to an ester carbonyl absorbance band shifting from 
1744 to 1754 cm-’ during oxidation of the primary 
donor (fig.4). The high wave number indicates a 
very hydrophobic environment for this ester group 
in the protein. 
A spectroelectrochemical study [ 191 showed, 
during cation formation of bchl a, the appearance 
of a band at 1715 cm- ‘, which was assigned to a 
C9 = 0 keto carbonyl band. In resonance Raman 
spectra of bchl a-containing reaction centers of 
Rps. sphaeroides an increase in the intensity of the 
C9 = 0 keto carbonyl band at 1709 cm-’ during 
cation formation is also observed [6]. Based on 
these results the positive band arising at 1715 cm-’ 
is assigned to a C9 = 0 keto carbonyl group (fig.4) 
in agreement with [18]. As in the case of the ester 
carbonyl vibration, this band is at unusually high 
frequency, indicating that the environment of this 
group is very hydrophobic. In general, the bands 
above 1700 cm-’ can also be caused by vibrations 
of protonated carboxylic acids of aspartic or 
glutamic acids [14]. However, the bands at 1754, 
1744 and 1715 cm-’ are not shifted in D20 [18], 
therefore excluding these possibilities. In the 
region below 1700 cm-’ assignment becomes more 
difficult because not only the chromophores 
(hydrogen-bonded C=O, C-C, C-N) [6], but 
also quinones (C = 0) [21], protein side groups and 
the protein backbone [10,14] show absorbance 
bands in this region. In bacteriorhodopsin [7] and 
rhodopsin [9], the difference spectra are 
dominated by absorbance bands of the 
chromophore. The protein side groups show only 
minor absorbance bands. Therefore, the strongest 
bands most likely arise from chromophore vibra- 
tions. Furthermore, the greatest changes in dipole 
moment and therefore in infrared absorbance are 
expected for the primary donor: the observed ester 
and keto absorbance bands are thus most likely 
due to the primary donor. 
Based on results obtained from resonance 
Raman experiments [6] and spectroelectrochemical 
studies of bchl a and bchl a+ [20], the bands at 
1557 and 1548 cm-’ could be caused by the C-C 
stretching vibrations of bacteriochlorophyll. 
Resonance Raman experiments with 15N-labelled 
chlorophylls show only shifts of bands below 
1350 cm-’ [6]. Therefore, the bands at 1305 and 
1193 cm-’ are most likely due to C L N stretching 
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vibrations. Carbonyl vibrations of the quinones 
are expected between 1600 and 1700 cm-’ [21]. At 
least part of the band at 147711456 cm-’ could be 
caused by vibrations of the quinone radical [22]. 
Based on these results, the following conclusions 
can be drawn: 
(i) The excellent agreement between difference 
spectra for reaction centers of Rps. viridis 
reconstituted into lipid vesicles [ 181 and of crystals 
show that the same intramolecular processes take 
place in the chromophores, protein side groups 
and protein backbone for both sample 
preparations. 
(ii) Since no large difference bands were observed 
at 1657 and 1545 cm-’ where the amide I and II 
bands of the protein backbone vibrations absorb, 
the possibility of large conformational changes in 
the protein during P+Q- formation can be ex- 
cluded. The band at 165 1 cm-’ could indicate only 
a small conformational change involving one or 
two groups of the protein backbone. 
(iii) As discussed, the difference spectra appear 
most likely to be dominated by the P+ absorbance 
bands. The protein side groups seem to show only 
minor absorbance bands. 
(iv) The band pattern observed above 1700 cm-’ 
seems to be more indicative of radical formation 
and the concomitant change in charge distribution 
of the primary donor than of a change of the 
microenvironment of its ester and keto carbonyl 
groups. This conclusion is confirmed by spec- 
troelectrochemical studies on cation formation of 
bchl a, which show similar patterns [19]. The 
observed bands of the keto and ester carbonyl 
vibrations are at unusually high frequencies, in- 
dicating a very hydrophobic environment. It is in- 
teresting to note that during cation formation large 
changes in charge distribution of the primary 
donor take place not only in the conjugated part of 
the chromophore but also at the Cl0 = 0 or C7 = 0 
ester carbonyl groups (fig.4). 
(v) Comparison with structural data [23] shows 
that the observed non-hydrogen-bonded C9 = 0 
keto carbonyl group can most likely be assigned to 
the Bchl b molecule of the primary donor belong- 
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ing more to the M subunit (BCMP). The C9= 0 
keto group of the L subunit bchl b molecule (BLLP) 
is hydrogen-bonded and would be expected to ab- 
sorb at lower frequencies. 
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